The sound design of landfills is essential in order to protect human health and the environment (air, water, and soil). The study area, Babylon Governorate, is situated in the middle of Iraq, and is distinguished by a hot climate and shallow groundwater. The governorate did not have landfill sites that meet international criteria; in addition, the groundwater depth in Babylon Governorate is commonly shallow. Previously, the most important criteria for the study area and GIS software were used to select the best sites for locating landfills in the major cities of the governorate. In this study, the Hydrologic Evaluation of Landfill Performance (HELP 3.95D) model was applied in order to ensure that there was no leakage of the leachate that results from the waste in the selected landfill sites. It is the most commonly utilized model for landfill design, and it is used to estimate water inflow through the soil layers. For the present study, to avoid groundwater pollution by leachate from a landfill site due to the shallow groundwater depth, compacted waste was placed on the surface using two height scenarios (2 m and 4 m). This design was developed using the soil properties of the selected sites coupled with the weather parameters in Babylon Governorate (precipitation, temperature, solar, and evapotranspiration) for a 12-year period covering 2005 to 2016. The results from both of the suggested landfill designs showed an absence of leachate from the bottom liner.
Introduction
In most countries, especially developing countries, landfill is a common method for the disposal of municipal solid waste (MSW) [1] [2] [3] [4] [5] [6] . Municipal solid waste (MSW) comprises garbage, organic waste, commercial waste, construction waste, institutional waste and industrial waste [7] . To face the growing challenge for municipal solid waste management of protecting humans and the environment, there is a need to build a prudent system of waste management. It should include selecting the best sites for landfill based on suitable criteria in the study area, adopting appropriate technology methods for waste treatment on site, and properly designing the landfill to prevent contamination of groundwater by the leachate [3, 8] . Landfill is considered to be the most systematic and economic method for managing such waste, even when other methods are also used for waste management (e.g., reducing, recycling, incineration, and burial) [9] [10] [11] [12] [13] [14] . Several countries have experienced the negative impacts on both human health and the environment (e.g., ground and surface water pollution, gas emissions, and the possibility of human suffocation due to the spontaneous combustion of landfill waste) caused by inefficient landfill management systems [1, 13, 14] . In addition, the biodegradation of landfill waste in aerobic conditions mixed with rainwater percolation through waste and the water of the waste itself produces leachate [7] .
Leachate represents a primary cause of ground water pollution, with various pollutants in the liquid leachate entering through the layers of the landfill [1, 2, 15] . There are two main methods that are used in designing landfills to prevent the contamination of groundwater by leachate from landfills [2, 16] . The first method (the old process) endeavors to disperse the leachate to flow outside the landfill into the surrounding soil and bedrock, thereby reducing the concentration effect of the leachate contaminants. This method is a natural process with a natural geologic barrier, such as clay soil, that has low permeability [2, 17] . The second design method for modern landfills seeks to reduce any possible negative impacts on the public and the environment through the sound management of gases from landfill sites and of the leachate that results from landfill practices [15, 16] . Thus, modern landfill design is based on principles of sound management, ongoing monitoring procedures, and finally, a reduction in the quantity of landfill leachate through using a liner system to protect soil and groundwater [15, [18] [19] [20] .
To prevent leachate generation or infiltration, the surface and stormwater flows should be managed through using suitable cover materials, as well as saving the material with high liquid content away from the waste management facility [21] . There are many methods for the leachate treatment such as: aerobic biological treatment (e.g., aerated lagoons and activated sludge), anaerobic biological treatment (e.g., anaerobic lagoons, reactors), physiochemical treatment (e.g., air stripping, reduction, oxidation, etc.), coagulation using several materials and advanced techniques (e.g., carbon adsorption, ion exchange) [22] . For leachate treatment, two main methods of treatment technologies can be used. These methods are physical/chemical and biological, and are usually combined to treat the leachate [21, 23] . The biological treatment is considered the most common in modern landfills, especially in the arid or semi-arid regions [24] . The biological treatment is divided into an anaerobic and aerobic process, where the anaerobic process is used to remove the heavy metals from leachate as carbonates by precipitation. The aerobic process is used when the leachate includes fatty acids of biodegradation. In aerobic conditions, oxygen is necessary to increase the biological activity of microorganisms when the leachate contains a high concentration of biodegradable organics [23] .
Leachate evaporation is considered one of the more simple and preferred methods of managing leachate through the evaporation of the leachate within lined ponds. The collected leachate, which is extracted from the waste, is transferred to ponds by the leachate collection system. The base liner layer that is used in the landfill may be similar to the liner system in the ponds [21] . Floating aerators is a common practice in the leachate pond. The floating aerators are used to reduce odors and provide some treatment through preventing the anaerobic process in the ponds, as well as increasing the evaporation of the leachate from the ponds. Periodically, it is necessary to remove the sludge from the bottom of the pond. Finally, the sludge is deposited within the landfill cell(s) or sent to an approved site by official authorities [21] .
The main considerations for identifying the most suitable design for the selected landfill sites are (a) to prevent surface and groundwater pollution caused by the leachate emanating from landfill sites; (b) to eliminate, or at least minimize, the fire effects that are the result of burning the waste; (c) to manage any gas emissions from the landfill; (d) to protect the major environmental elements (air, water, soil); (e) to reduce negative environmental impact factors such as insect and rodent infestations, diseases, odors and noise; and (f) to manage the disposal of municipal solid waste in landfills in such a way as to reduce the risks to human health [1, 25] .
The types of landfills and liner systems are: the single-liner system (one box), the compositeliner systems (two boxes), and the double-liner system. The first type consists of a clay liner, a geosynthetic clay liner, or a clay liner with a geomembrane. The second type consists of a clay liner with a geomembrane (two boxes), and is more effective than the first type at preventing leachate from flowing through the subsoil layers. In the double-liner systems, there are two types. The first type comprises a composite liner and a single (3Box), while the second type includes two single liners and two composite liners [26] .
In the current study, the selection of the most appropriate design for the selected sites in the Babylon Governorate's Qadhaas was achieved by utilizing the Hydrologic Evaluation of Landfill Performance (HELP 3.95D) model.
Landfill sites were selected for each major city in Babylon Governorate using GIS software and different methods of multi-criteria decision methods. Depending on the results of these studies, two sites for each major city were determined. The groundwater depth in Babylon Governorate is shallow. The water table in the whole area in the governorate varies in depth from 0.423 m to 15.97 m below the ground level [27] . Soil investigation was also conducted in the field at all of these sites in order to ascertain the soil properties and the groundwater depths. The results are very precise, which enables the designers to select the most suitable design for the landfill.
Over the last decade, the HELP model has become a very powerful tool for estimating the water balance for cover and bottom liner systems in municipal solid waste landfill operations. The model facilitates the calculation of the leachate rate through the soil layers, and also of the leachate head on the bottom layer at different times based on various weather data parameters (rainfall, temperature, solar radiation, evapotranspiration, etc.), especially when used in combination with a design for soil layers that works to prevent groundwater being contaminated by leachate from waste [28] [29] [30] .
In the literature, many studies have used the HELP model to estimate leachate through landfill sites (e.g., [9, 20, 31, 32] ).
Background Information

Study Area
Babylon Governorate is situated in the middle of Iraq, approximately 100 km to the south of the Iraqi capital, Baghdad, between longitudes 44°2 43 E and 45°12 11 E, and latitudes 32°5 41 N and 33°7 36 N (Figure 1 ). The governorate is divided administratively into five major cities. These major cities are Al-Hillah, Al-Qasim, Al-Hashimiyah, Al-Mahawil, and Al-Musayiab. The area of Babylon Governorate is 5315 km 2 [33] . The population of the governorate was about 2,155,578 inhabitants in 2016, distributed throughout the five major cities according to [34] .
In Iraq, open dumping of waste leads to many environmental problems, including ground and surface water contamination, insect and rodent infestation, odors, disease, and other problems. Waste is disposed of on a daily basis in Babylon Governorate by burning. This sometimes suffocates the population of the nearby cities [35] .
The main reasons for the increase of production quantities of waste generally in Iraq and particularly in Babylon Governorate are: improvements to the living standards, a high population growth rate, and an increase in commercial activities [10, 35] .
Processes for the collection, management, and disposal of waste in Babylon Governorate are very poor. The existing sites do not comply with the scientific and environmental criteria that are usually followed in the selection of landfill sites [35] . The waste can be dealt with in different ways at different sites. There are approximately 16 waste disposal sites or dumping sites in Babylon Governorate. They are distributed throughout the cities of the governorate. Most cities in the governorate have their own waste disposal sites. Cities that do not have a landfill site transport their waste to sites in the neighboring cities [35] .
The composition of MSW according to the Ministry of Municipalities and Public Works (2013) in Babylon is: organic waste (55%), glass and ceramics (5%), plastic and rubber (8%), paper and cardboard (5%), metals (10%), textiles and rags (4%), wood, bones, and straw (6%), aluminum (2%), and others (5%) [36] . According to the latest study at the end of 2016, [37] suggested that 78% of the waste at Babylon could be recycled, and the remainder should be sent to landfills.
The solid waste quantity in Iraq in 2013 was 11,315,000 (tonnes) with a generation rate of solid waste of 1.4 kg/(capita. day) [38] . The quantity of solid waste in Babylon Governorate in 2013 was 483,221 (tonnes) [39] . The budget that was spent on waste collection processes in Babylon Governorate in 2013 was $15,894,716 USD [35] . Based on the expected population of 3,556,966 inhabitants in the governorate by 2030, the estimated quantity of solid waste in the year 2030 will be 1,030,174 (tonnes) [35] .
The expected cumulative quantity of solid waste between 2020-2030 is 8,752,506 (tonnes), according to the calculations achieved by [35] . The generation rate of solid waste in 2013 was 0.67 kg/(capita. day), and the annual population growth was 2.99%. The average annual increment rate of solid waste generation was 1% in Babylon Governorate. The waste density in the waste disposal sites in the governorate was 450 kg/m 3 [39] .
The value of solid waste volume in 2013 was 107,382 m 3 . The expected value of solid waste volume in 2030 is 2,289,275 m 3 , while the expected value of cumulative solid waste volume between 2020-2030 is 19,450,013 m 3 [35] . 
Climate
The governorate is situated in a desert climate that changes dramatically with the changing seasons as well as between day and night. The prevailing wind in the governorate comes from the northwest and blows throughout the year, with an annual average wind speed of 7.2 km/h. Temperatures during the summer season can reach more than 50 °C, with an average of approximately 12 h of sunlight/day, and usually no precipitation. The winter is cold and rainy, with approximately 6.8 hours/day of sunlight, and although temperatures normally remain above 0 °C, they can decrease below freezing during some nights. The average annual precipitation is 102 mm, while the average annual relative humidity is 45.8% [33, [40] [41] [42] . Generally, the average annual precipitation in Iraq is decreasing due to climate change. In some years, the precipitation falls in a very short period of time, causing floods [43, 44] .
Selecting and Assessing the Candidate Sites for Landfill
For selecting new systematic sites for landfill in Babylon Governorate, Iraq, the GIS software and methods of multi-criteria decision making (MCDM)-analytical hierarchy process (AHP), straight rank sum (SRS) and ratio scale weighting (RSW)-were used. The required maps of the most important criteria (15 criteria) were prepared using GIS software to produce the final map(s) for landfill siting. These 15 criteria are groundwater depth, urban centers, rivers, villages, soil types, elevation, agriculture, roads, land slope, land use, archaeological sites, power lines, gas pipelines, oil pipelines, and railways. Map layers of the 15 criteria were prepared using GIS software as follows: (i) reviewing the previous literature in this field for the landfill siting; (ii) preparing the digital maps in GIS software for the study area; (iii) obtaining of the sub-criteria weightings based on different requirements (e.g., literature review, expert opinion, governmental regulations, and environmental and scientific requirements); (iv) determining the weighting for each criterion using the MCDM methods; (vi) determining the final map to select the candidate sites for landfill in the governorate [45] . All of the candidate sites were selected on the final map(s) within the most suitable area category. The selected candidate sites were checked against the satellite images of Babylon Governorate ( Figure  2 ) [46] . All of the areas in Babylon Governorate are covered by alluvial deposits at depths of more than 50 m, where no rocks are exposed in this area. The study area is located outside the range of faults and cracks [47] . The soil investigations for the new candidate sites were conducted in 2016 by the Iraqi Ministry of Housing & Construction, the National Center for Construction Laboratories, and Research Babylon in Iraq in order to check the soil characteristics and water table of the selected sites for landfill in the field. The results showed close similarity with field tests [48] , according to Chabuk et.al. [49] . Table 1 shows the soil properties and ground water depth at each site, according to Figure  2 . 
Methodology
The HELP 3.95D Model
The Hydrologic Evaluation of Landfill Performance (HELP 3.95D) model is the most common practical model in the world for computing the water balance of cover and bottom liners for landfills and contaminated sites. The HELP model has a history extending back 30 years, with many versions, from version 1 to version 3.95D. The HELP model is known as a "quasi-two dimensional" layer model, which does not calculate a two-dimensional flow; however, it does calculate the vertical dimension flow and lateral dimension flows. In the HELP model, the default daily weather data for a range from 1 to 100 calendar years should be entered to compute the soil design data. This model can be used to design the bottom cover systems and the liner systems for open or closed landfills [28] .
The HELP model has a high ability to calculate amounts of evapotranspiration, potential and actual runoff, the collected lateral drainage of leachate, and the leakage or percolation of leachate through the base liner of landfill designs [30] . The main aim of the model is to include the hydrologic characteristic of the site to assist the landfill designers. In addition, the model can be applied to completely closed, partially closed, and open sites alike [28, 30] .
The Required Input Data for the Model
Daily Weather Data of Study Area
In the current study, the daily data of precipitation (daily depth), air temperature (daily mean), and the solar radiation (daily sum) from 12 consecutive full calendar years (2005-2016) for Babylon Governorate [42] were entered into the HELP model. The average annual data for these parameters in Babylon Governorate can be seen in Table 2 . The HELP model has the ability to deal with data from specific periods in the selected study area. The relationship between runoff and rainfall is calculated in the HELP model based on the SCS (Soil Conservation Service ) curve number method, according to the following Equation (1) [18, 30] : (1) where Q is the actual runoff or excess of rainfall (mm), P is the actual rainfall depth (mm), and S is the maximum potential retention after runoff starts (retention parameter) (mm). It is calculated by the following formula.
In the HELP model, the antecedent moisture condition (AMC-II) runoff curve number for slope surface (CNII) was estimated [18, 30] as follows: (2) where CNII is the curve number that adjusts for surface slope conditions, CNIIo is the AMC-II curve number unadjusted for slope, which is calculated based on constants for vegetation and soil type, L* is the standardized length of the slope (L/500 ft) (dimensionless), and S* is the standardized slope (S/0.04) (dimensionless).
In the HELP model, the runoff curve number value was 93.80, where it was estimated based on the soil database using soil texture number 27 (moderate compacted sandy clay), the kind of vegetation (poor stands of grass), a surface slope of 10%, and the length of the slope at 75 m.
Potential and Actual Evapotranspiration Date
Evapotranspiration (ET) is the process of transferring water by evaporation from the soil profile and other surfaces, as well as from plants, by transpiration. Evaporation alone occurs from open water surfaces or from ground surfaces and vegetation, while the process of transpiration is the extraction of water from the soil by the roots of plants, which then evaporates into the atmosphere from the plant's leaves [18, 30] .
Potential evapotranspiration (PE) is the maximum amount of evaporation that occurs over a day as the amount of unbounded water is extracted by the atmosphere from land [18, 30] .
In the HELP model, the potential evapotranspiration is calculated based on a modified Penman equation (1963) using the following Equations (3) and (4) [18, 30] : (3) and LV = 59.7 0.0564 TCi (4) where PTi is the potential evapotranspiration on day i (mm); LEsi is the available energy for potential evapotranspiration on day i (MJ/mm 2 ); LV is the vaporization latent heat (MJ/mm 2 /mm); and TCi is the mean air temperature (°C). Actual evapotranspiration (AE) is the amount of evapotranspiration that occurs when there is a limit to the amount of available water. The actual evapotranspiration (AETi) for segment j on day i is the sum of the actual soil water evaporation (ESWi) and the actual plant transpiration (EPi) from segment j [18, 30] .
The actual total evapotranspiration (TEi) on day i is resulted from the summation of the subsurface evapotranspiration (ESSi) and evaporation of surface (ESi) [18, 30] .
In the HELP model, calculating the potential and actual evapotranspiration is done by going to the "Data input" item on the main menu, and selecting the evapotranspiration option. The window is then completed with the required information about this option, as follows [29] :
In the HELP model, the potential and actual evapotranspiration in Babylon Governorate at a geographic latitude of (32.5) were computed based on the following required information:
In the study area, the depth of the evaporative zone is 50 cm, depending on the field tests. The maximum index value of the leaf area (area/area) for the study area is (1), because the kind of vegetation in the selected sites was poor strands of grass [29] . The date for the start day of the growing season over the 12-year period in Babylon Governorate is 10 January, while the date for the last day of the growing season is 15 December, 350 days later [42] . The required annual average wind speed in the Babylon Governorate at 2 m above the ground that was input into the HELP model was 7.2 km/h [29, 41] . Normal average quarterly relative humidity. Each quarter consists of the average value of three months, where the four quarters of a year are (January to March), (April to June), (July to September) and (October to December) [29] . Therefore, the average values of relative humidity in Babylon Governorate are: for the first quarter (64.2%), the second quarter (39.03%), third quarter (34.24%), and fourth quarter (60.95%) [41].
Soil and Design Data
The required information for the soil design data in the HELP model [29] are summarized in the following subsections:
1. The characteristics and required data for designing soil layers in the HELP model.
There are 44 types of soil material characteristics in the HELP model according to [29] , depending on the two standards systems from the United States Department of Agriculture (USDA) and the Unified Soil Classification System (USCS). The types of soil texture from 1 to 15 in addition to 21 are classified as low-density soils. The types of soil texture from 22 to 29 are considered moderate-density soils, while the types of soil texture 16 and 17 are represented high-density soils. The types of soil texture from 35 to 42 are defined as geomembrane and geotextile. The default types of waste in this model are from 18 to 19 and from 30 to 33.
The required data for the suggested soil layers are: thickness of layers (metric: cm), the default soil texture according to the USDA system and the USCS system, porosity (vol./vol.), field capacity (vol./vol.), the wilting point (vol./vol.), saturated hydraulic conductivity (cm/sec), and the required design data for the lateral drainage layer, including the length of drainage (m) and the slope of drain (%) [29] .
The properties of soil sites for the selected new landfills that were conducted by [48] did not comply with the international standard requirements for landfill design. In this study, the type and properties of the suggested soil layers were used as standard materials for the new landfill sites. The type and properties of the suggested soil layers correspond with international requirements for landfill design based on the two standards systems (USDA) and (USCS), where these systems are adopted in Iraq. The properties of standard soil layers were selected to be similar to the soil properties that are available, particularly in Babylon Governorate and generally in Iraq [48] . Some of the remaining soil materials (excavated soil) may be used as a daily cover, an intermediate cover, or for other uses, according to the specialists in this field.
Type of layers for landfill in the HELP model
The required layers for constructing the model of a landfill are as follows [18] : (a) Vertical percolation layer (VPL) Vertical percolation layer includes a waste layer and layers of soil designed to support vegetation on the surface. The water drains downward through the vertical unsaturated layers by gravity. In the HELP model, the unsaturated hydraulic conductivity through waste and soil layers was calculated according to (Equation (7)) by Campbell (1974) based on Darcy's law, as follows [30] : (7) where Ku is unsaturated hydraulic conductivity (cm/sec), K is saturated hydraulic conductivity (cm/sec), is actual volumetric water content (vol/vol), r is residual volumetric water content (vol./vol.), Ø is total porosity (vol./vol.), and is the index of pore-size distribution (dimensionless).
(b) Lateral drainage layer (LDL)
This layer is placed directly above the layer of the barrier soil liner to collect water infiltration and rapidly remove it.
In the HELP model, for lateral drainage flow of small and large rates drainage, the average saturation depth on top of the liners, and the rate of drainage were calculated based on Equation (8) and Equation (9), respectively [30] , as follows:
(q*D < 0.4 sin 2 , for small drainage rate) or (q*D > 0.4 sin2 , for large drainage rate)
*D = 2 (sin ) (cos ) *, ( * < 0.2 tan , for small drainage rate) or ( * > 0.2 tan , for large drainage rate) (9) where ( ) is the average saturation depth on top of the liners (non-dimension), q*D is the rate of lateral drainage of flow for each unit area of landfill (cm/sec), and is the liner surface inclination angle.
(c) Barrier soil liners (BSL)
A layer of the barrier soil liner is used to prevent the vertical drainage of leachate from this layer, since the hydraulic conductivity of this layer is very low. The pressure head is assumed to be constant in the HELP model within layers of vertical infiltration and lateral drainage. The HELP model is assuming that the head of pressure is uniformly dispersed within the soils of low permeability, where this model allows for flow moving only down in barrier soil [30] .
The rate of percolation through a soil liner of low permeability is calculated by Equation (10) based on Darcy's law, as follows [18, 30] : (10) where Qp(p)i is the rate of percolation from the profile of sub-layers (p) during time i (cm/day), Ks is the saturated hydraulic conductivity of the soil liner (cm/sec), hw is the average pressure head of the sub-profile k on the top of the liner (cm), TS is the thickness of the layer (cm), and n is the number of layers in sub-profile k above the soil liner.
(d) Geomembrane liners (GL)
This is a layer of impervious, artificial flexible membrane that is used together with barrier soil liners to prevent leachate percolation. To calculate the flows of total leakage through the geomembrane in the HELP model, Equation (11) was used, according to Schroeder et.al. [30] :
where qLT is the total leakage, qL1 is the leakage through intact geomembrane sections, qL2 is the leakage through pinhole-size flaws, and qL3 is the leakage through the defect-size geomembrane flaws.
Suggested Soils Layers' Data 1. Site layout of the landfill
The landfill site should be divided into many zones, where each zone is used to accommodate the quantity of waste over a one-year period. In this study, the lifespan of the selected landfill is 10 years. Therefore, the area of each selected site will be divided into 10 zones (one zone for each year). Each zone will be subdivided into a number of cells, so that the areas of cells are sufficient to accommodate the quantity of waste during the design lifespan of each zone (12 months).
The quantity of waste (Qs) produced each year until the year 2030 was calculated based on the following equation [35] :
where Qs is the quantity of waste produced each year (tonnes), P0 is the present population of the city for each year (starting from the year 2013), r is an annual growth rate of 2.99%, n is the number of years, GRW is the present generation rate of solid waste (kg/capita.day) for the year 2013, and RGI is the rate of increment in waste generation per year equal to 0.01 (kg/capita.day).
The required area for each Qadhaa in Babylon Governorate was calculated as follows:
The volume of waste was calculated by dividing the quantity of waste (Qs) produced each year until the year 2030 by the waste density (450 kg m 3 ) at the waste disposal sites in Babylon Governorate and its Qadhaas [35] . The required areas of the candidate sites that emerged as a result of the previous studies was calculated by dividing by 2 m, which represents the height of municipal solid waste that will be placed on the surface since the groundwater depth in the study areas is shallow, and in order to reduce the cost of constructing a perimeter berm around the site. GIS and multi-criteria decision making methods were used to determine the best sites for landfill, and the location and dimension for these sites for design purposes was determined.
A summary of the required areas and the areas of the candidate sites for landfill and their locations, as well as the required area and the cross-section for the design of the landfills, are shown in Table 3 .
The area of each zone (km) was derived by dividing the quantity of waste (kg) for a specific year by the sum of the products of multiplying the density of solid waste (450 kg/m 3 ) [39] by the height of the waste (2 m).
The area of each zone will be divided into a number of cells. The area of each specific cell is enough to receive the quantity of waste for each month during one year. The quantity of waste (Qs) for each year from 2020 until 2030, and the required area for each zone in the each candidate site, can be seen in Table 4 .
For each final cell, when using a waste layer height equal to 400 cm, the required area for landfill will be reduced by 50%. Consequently, the area of each zone will reduce to half of the area needed. In this case, the life span of each selected site will be extended from 10 to 18 years (or from 2030 to 2038), given that the typical height of waste is between 2-4 m according to [50] . 
Base design level of landfill
The level of landfill base should be placed at a minimum of 1.5 m above the groundwater table [52] , or 2 m [53] . The distance from the base of the landfill to the groundwater table was higher than 2 m at all of the selected sites for landfill in Babylon Governorate.
Base liner layer
The purpose of using the base liner in a landfill is to prevent, decrease, degrade, and delay the soil contamination and groundwater by leakage of leachate from the landfill sites. The base liner is used to filter the leachate within this layer and prevent the lateral flow of leachate [25, 54, 55] . The base liner of a landfill includes a geosynthetic clay liner, and/or a secondary compacted clay liner, which includes a primary geomembrane liner that is defined as a composite liner layer [29, 56] . The slope of the surface liner should be at least 2% [13] .
In this design, the layer (8) consists of a highly compacted clay (barrier soil) with a thickness of 60 cm [57, 58] , and the effective saturate of hydraulic conductivity (cm/sec) was 1.0 × 10 7 [14, 52, 59 ].
Geomembrane and geotextile layers
The geomembrane liner layer is used to reduce the quantity of pollutants affecting the groundwater [56] . The service life for the primary geomembrane liner (HDPE) should be 100 years, based on anticipated operating temperatures and a thickness of 0.15 mm [52, 54] . In the HELP model, the geomembrane types (from 35 to 42) should include the following parameters: thickness, pinhole density, installation defect density, placement quality (available six values), drainage slope, and drainage length [29] .
In the HELP model, the specifications for the liner layer (7) included a flexible membrane liner of high-density polyethylene (HDPE) with a thickness of 0.15 mm, a hydraulic conductivity (cm/sec) of 2.0 × 10 13 a drainage slope of 3%, and a drainage length of 30 m.
The non-woven geotextile layer type 4 (butyl rubber) was placed on the drainage blanket under the protective layer with a drain length of 30 m and a slope of 5%. The hydraulic conductivity of this layer was 1.0 × 10 12 cm/s. The thickness of this layer was 150 mm. This layer was used to prevent clogging within the gravel layer and the transference of small grained particles into this layer [13] .
Lateral drainage layer
The layer of lateral drainage is installed within the leachate collection system to prevent leachate from the landfill, as well to control the leachate rising above the base liner of the landfill [25, 52] . The efficient drainage of leachate will reduce the pollution water that comes from the saturated waste zones at the bottom of a landfill, as well as increase the mechanical stability of the landfill, thus reducing the dangers of mechanical failure of the landfill during events of intense rainfall [13] . For protecting the leachate collector pipes and reducing the possibility of fine particles of waste and air entering into the drainage blanket layer, a geotextile layer can be placed over the drainage blanket layer to perform the same function of protecting the drainage blanket layer from becoming clogged [13, 52] .
The minimum design requirements for a leachate collection and removal system are as follows:
The material of the drainage blanket layer includes gravel material [25, 55, 60] . [25] . The minimum slope of the main leachate collection pipes that should be laid toward the pit (sump) should be 2% [13, 14, 25, 52] . This slope decreases the risk of the leachate collection pipes clogging, because they will be self-cleaning [25] . The minimum lateral slope toward the direction of the main leachate collection pipes (transverse direction) should be at least 1% [25] . The vertical leachate collection pipes are installed in the landfill site, and the lower end of the vertical pipes are joined to the bottom (horizontal) of the leachate collection pipes so that they can operate as a gas vent [62] . The inclined leachate collection pipes are distributed along the berm slope and used as a gas vent. These pipes are joined to the bottom of the leachate collection pipes [62] . A leachate collection pit (sump) allows the leachate to drain by gravitational force, and it is located at the low points in cells, whether the location of the pit is outside or inside the landfill site [25, 62 ].
An operating pump should be used to remove and lift leachate from the pits to the required head [25] . The collected leachate should be removed and sent to a treatment facility [13] .
In the HELP model, using two scenarios, the slope and the length of drainage net layer (6) in the leachate collection system was 3% and 30 m, respectively. The thickness of drainage blanket layer (5) is 30 cm, whilst the drain net layer (6) was 0.5 cm. The hydraulic conductivity of the drainage blanket layer was 3.0 × 10 1 cm/s, while the hydraulic conductivity of the drainage net was 1.0 × 10 +1 cm/s.
Protective layer
The protective layer can be placed over the drainage layer to make sure that the drainage layer operates for a long time; it prevents waste particles from moving into the drainage layer, does not destroy the drainage pipes or the drainage layer, and also protects the geotextile from tears when placing the compacted layers of waste [13, 25] .
In the current model, the protective layer (3) consisted of loam fine sand with a hydraulic conductivity equal to 1.0 × 10 3 cm/s [13] . The thickness of this layer was 30 cm [54] .
Compacted waste using the scenarios
In this study, there were two scenarios for placing the compacted waste on top of the protective layer over the surface, with a typical height of the compacted waste of 2-4 m [50] .
The first scenario involved placing waste with a total height of 2 m, and then covering it with a final cover (Figure 3a ). In the second scenario, the height process of placing the compacted solid waste over the surface was 4 m (Figure 3b) .
In addition, a further consideration should be the use of a daily cover of 15 cm, or an intermediate cover of 30 cm (as a temporary cover) when the active face of a single cell of waste does not reach the final capacity of covering the waste layer during, or over more than, a 30-day period, or during the fall seasons [13, 52, 57, 61] .
In this study, the value of the saturated hydraulic conductivity of the municipal solid waste was used as a 1.0 × 10 5 cm/sect instead of the default value within the HELP model of 1.0 × 10 3 This is due to the recent research studies in this field [63, 64] , which argued that the waste is compacted as a result modern practices in situ [65, 66] . The default hydraulic conductivity has led to high generation rates of leachate value, where this value of leachate does not represent the real value in the modern landfill [67] . 
Suggested design for final cover
The main aims of placing the final cover on a landfill are to reduce odors and methane gas being released into the atmosphere, to avoid humans and wildlife from exposure to municipal solid waste, and to decrease the infiltration of precipitation into the waste and minimize erosion [13] .
The steps of placing the final cover during the lifespan of the landfill include the following:
The thickness of the final compacted cover layer is 60 cm (perpendicular to the slope) (Figure 4a ). The thickness of the final compacted cover layer should be 60 cm, as a fixed thickness over a specific period. This layer is low and sensitive to landfill surface settlements [13] .
In Babylon Governorate, the waste contains a high percentage of organic material (more than 55%) [39] . The organic matter will decompose with time, and this will cause the surface layer to be irregular (not horizontal) (Figure 4b ). In this case, soil should be added at certain periods of time to keep the surface level.
The same soil materials of the final compacted cover layer will be added when the displacement of the final cover layer stops at the end of the landfill's lifespan. Therefore, the final thickness of the final cover will be 60 cm (Figure 4c ). This layer should be monitored during particular years to avoid settlement when the waste materials have degraded.
The minimum requirement for the top soil layer should be at least 150 mm, which is the necessary depth for the growth of a vegetative layer and to reduce erosion [13, 52, 60] (Figure 4d ). The roots of the vegetation should not extend too deeply, because this would cause damage to the final cover and thus enable the transfer of pollution to the surrounding environment to occur [61] .
The systems of gas management and gas vents of (150 mm) need to be installed at the same time as the placement of the final cover in order to allow any gases that might form in the layers of the covered landfill to be released, where the gas will be transferred to the burning facilities through a vacuum system [14, 58, 61] .
According to the Iraqi Ministry of Housing & Construction (2016) [48] , the bearing capacity for the soils of the selected sites is 50 KN/m 2 . Consequently, the cumulative loads that result from using 4 m of height waste, the final soil cover (60 cm), and the daily covers of soil (15 cm) are acceptable.
In this study, the composition of the cover layer was moderate compacted sandy clay, and its hydraulic conductivity was 7.8 × 10 7 cm/sec. [52] stated that hydraulic conductivity of the cover layer in non-arid regions ought to be 1.0 × 10 7 cm/sec. In the current study, the final sketch diagram shows the suggested landfill design when using a height of compacted solid waste of 2 m (the first scenario), and using a total height of 4 m of compacted solid waste (the second scenario) (see Figure 5 ). 
Perimeter Berm
The management of storm water includes run-on and run-off, which usually includes perimeter drainage around the landfilling and leachate treatment areas. The former prevents contact between surface water and waste mass, which reduces leachate production and generation. However, the latter includes diversion ditches, silt fences, down drains, and storm water management ponds. These facilities allow storm water to run-off from the landfill surface and minimize erosion [68] .
The perimeter berm is built around the landfill site to act as a natural barrier for the site, and to prevent storm water from entering the site. In addition, the embankment of the perimeter berm is used for the passage of vehicles to the site [57, 58] . The profile of berm layers has the same composition and thickness as the below ground layers of the landfill [59] , where Figure 6 shows the cross-section of berm in this study. The typical height of the berm is either between 2.5 and 3.5 m [52] or between 3 and 4 m [54] , and at least 0.5 m high [58] . The surface of the berm extends to the surface of the landfill, but the surface of the berm is then raised with a slope of 3H to 1V [57, 59] , or 2-2.5H-1V [54] . The anchor trench is constructed along the connecting line of the outside edge of the perimeter berm. The width of the anchor trench was 0.5 m [57] , and the trench was used to collect the water run-off from the surrounding areas of landfills and from the final cover surface of the landfill. 
The Suggested Soil Layers that Entered into the HELP 3.95D Model
In the HELP model, two scenarios were posited for the design of landfills for the selected sites in Babylon Governorate. In the first scenario, eight layers were entered into the HELP model, and this scenario included one lift of waste with a 2 m height. The second scenario also consisted of eight layers, but the height of compacted waste was equal to 4 m. The characteristics of the data for each layer are layer thickness, porosity, field capacity, wilting point, initial soil water content, and hydraulic conductivity. Figure 7 shows the profile of the suggested landfill design, which was implemented in the HELP 3.95D model for both the first and second scenario. The summary data for the suggested layers in the two scenarios can be seen in Table 5 . 
Results
The extension files for all of the parameters were created within the model after inputting the weather data and the required information for the proposed soil layers of the landfill within the HELP model. The results of the suggested design for the selected landfills in Babylon Governorate can be summarized as follows:
General Design and Evaporative Zone Data (Valid for 12 Years)
The output results produced in the HELP model for the two scenarios can be seen in Table 6 . The difference between the results of the two scenarios was in the value of initial water content in all of the layers, because the height of compacted waste in the first and second scenario were 2 m and 4 m, respectively.
The entered value of the soil evaporative zone depth in the HELP model was 50 cm, which was based on field tests. The output results of the initial water in the evaporative zone was 14.5 cm; this value resulted from multiplying the initial soil water content of the final cover layer (0.29 cm 3 water/cm 3 ) by the layer thickness (50 cm) [69] . The range values of evaporative storage were 14.4-20 cm.
The values of the initial water in all of the layers using the first scenario and second scenario were 107.075 cm and 165.475 cm, respectively. The increase in the initial water of the second scenario came from using the height of compacted waste of 4 m instead of the 2 m used in the first scenario through multiplying the additional thickness of compacted waste (200 cm) by the initial soil water content for this layer (0.292 cm 3 water/cm 3 ). In both scenarios, there was no inflow in the total subsurface for 12 successive years. 
Annual Data from 2005 to 2016
In the HELP 3.95D model, the following annual data were calculated for the water behavior in the suggested soil layers between the years 2005 and 2016 using the following two scenarios. The summary of annual results values using two scenarios in the HELP model are as follows:
The amount of collected water from lateral drainage layer (6) The results of the annual data for precipitation, run-off, potential evapotranspiration, and actual evapotranspiration show that there was no difference in the results for the two scenarios (Table 7) . However, the results were not the same for the annual water budget balance and soil water at the start and at end of each year between 2005 and 2016 (Table 8) .
Generally, the results in the HELP model show that the largest amount of water comes from precipitation, and it was distributed over the surface into the run-off, actual evapotranspiration, and change in soil water storage between the beginning and the end for each year from 2005 to 2016. Consequently, no water percolated into the suggested soil layers (under the ground surface), which were designed for the selected landfill sites. The increase in the soil water at the start of each year in the second scenario compared with the value of the first scenario arose as a result of adding a layer of waste (2000 mm). For example, the difference between the soil water at the start of the year 2005 using the two scenarios was 540 mm. This value resulted from multiplying the waste initial water content (0.292 mm 3 water/mm 3 ) by the waste thickness (2000 mm). The volume of precipitation, run-off, and actual evapotranspiration for each year was calculated by multiplying the value of each parameter by the area of the landfill site. For example, Table 9 shows the value and volume of these parameters in the Al-Qasim district, Babylon Governorate. The area of landfills in the Al-Qasim district is 90,000 m 2 . 
Peak Daily Values from 2005 to 2016
In the HELP model, the peak daily values were calculated for the water behavior in the suggested soil layers and for different parameters over all of the years from 2005 to 2016 using two scenarios. The peak daily values of precipitation and run-off were 98.6 mm and 97.19 mm, respectively. The maximum value of water content in the evaporation zone was 0.315 (vol./vol.), while the minimum value was 0.288 (vol./vol.). The peak daily value of (i) the amount collected water from lateral drainage layer (6); (ii) the values of the average head of water on top of the geotextile and the HDPE layers (4 & 7); (iii) the values of water leakage through the geotextile and clay liner layers (4 and 8) were all zero. The maximum head of water on top of the layers was computed according to McEnroe's equations [70] . In the HELP model, there was no difference in the results for the peak daily values using the two scenarios.
Average Monthly Values for the Years 2005-2016
In the HELP model, the values of average monthly data were calculated for the years from 2005 to 2016 using the two scenarios, and similar values were produced in the both scenarios, as shown in Table 10 . These results included the following parameter values: precipitation, run-off, potential evapotranspiration, and actual evapotranspiration. The values of the average monthly water state within the soil layers for the suggested landfill design from 2005 to 2016, using two scenarios, was as follows:
The lateral drainage amount that collected water from layer (6) was zero. The values of water percolation through the geotextile and clay liner layers (4) and (8) were equal to zero. The values of the daily average head of water on top of layers (4) and (7) were zero.
Average Annual Values for the Years 2005-2016
The current model, the average annual values (mm), and their proportions were calculated for the years 2005-2016. Using both scenarios, the values of water percolation through the layers (4) and (8) , the average head on top of layers (4) and (7), and the lateral drainage of water collected from layer (6) were zero. In the HELP model, using the two scenarios, the average annual value of precipitation was 101.93 mm. This value was attributed to run-off of 71.36 mm (70%), the actual evapotranspiration of 30.32 mm (29.75%), and a change in water storage of 0.25 (0.25%). The average annual value of potential evapotranspiration that was calculated in the HELP model was 1725.54 mm.
Final Water Storage of Layers at the End of 2016
The final storage of water in all of the layers for the suggested design of the landfills at the end of 2016 was calculated within the HELP model, with eight layers being used in the first scenario, and 10 layers being used in the second scenario. The volumetric content of soil water storage was also calculated in this model, where it was defined as the ratio of water volume in a specific soil layer to the total volume that is occupied by the voids which are filled with air, water, and soil.
The results for the final water storage at the end of 2016 using the first scenario and the second scenario can be seen in Table 11 . The increase in final water storage in the second scenario when compared with the first scenario arose as a result of adding a layer of waste (2) m, with the values of water storage in the waste layer being 58.4 cm.
Using the two scenarios, the total initial water and the final total water in all of the layers were 107.075 cm and 165.475 cm, respectively. The total initial water and the final total water in all of the layers using the two scenarios were 107.377 cm and 165.777 cm, respectively. The difference between the initial and final soil water for all of the layers in both scenarios was 0.302 cm. The increase in the final water storage for each scenario at the end of 2016 resulted from adding the amount of water to the final cover (layer 1) that resulted from the difference between the soil water at start of year 2005 (1694.05 mm) and the soil water at end of year 2016 (1697.07 mm). The interception water was zero, where the total subsurface inflow was 0.0 mm/year. 
Conclusions
Adopting a suitable design for landfill in a particular area that has special conditions (such as shallow groundwater depth and hot climate) is necessary in order to prevent the contamination of groundwater by the leachate produced from a landfill site. In addition, for any landfill site, an adequate design should be implemented to fulfill the environmental requirements and protect humans from the negative effects that result from landfills. In the current study area (Babylon Governorate), there are no systematic sites for landfill that follow the environmental and scientific criteria, even though the groundwater depth in the governorate is shallow. The first step involved selecting the most suitable sites for landfill in each Qadhaa in the Babylon Governorate using GIS software and a multi-criteria decision making method, as in a previous study. Then, the best suggested design for the selected landfill sites was obtained. Then, the Hydrologic Evaluation of Landfill Performance (HELP 3.95D) model was used to calculate the amounts of potential and actual evapotranspiration, run-off, collected lateral drainage of leachate, and leakage or percolation leachate through the base liner of landfill designs. This model takes into consideration weather factors (precipitation, temperature, solar radiation, and evapotranspiration) and the properties of the suggested soil layers to produce a perfect design for landfills.
In the suggested design, the compacted solid waste was placed over the surface because the groundwater depth in all of the selected landfill sites was shallow. Two scenarios were used to select the optimum height for the compacted solid waste at the site. The height of the compacted solid waste in the first scenario was 2 m (one lift of waste). A compacted waste height of 4 m was used in the second scenario. The compacted solid waste layer was covered with the final cover layer of moderate compacted sandy clay with a thickness of 60 cm, and also after a specific period when the settlement of the sandy clay layer caused by the decomposition of organic material of the solid waste had stopped. The final cover will be replaced with a final 60-cm sealing clay layer. Then, the final cover will be covered with a 15 cm layer of topsoil to support vegetation growth.
Under the ground surface, a protective 30 cm layer of loam fine sand was placed directly under the compacted solid waste layer. The non-wave geotextile layer (150 mm) was placed beneath the protective layer. The lateral drainage layer was placed under the geotextile layer to a thickness of 30 cm. After that, the clay liner layer was placed under the lateral drainage layer to a thickness of 60 cm. Finally, the compacted, 20-cm thick sub-base was put under the clay liner layer.
Perimeter drainage around the landfilling and treatment facilities of the leachate is necessary for the management of run-on and run-off stormwater. Therefore, the perimeter berm should be built around the landfill site with an anchor trench that is constructed along the connecting line of the outside edge of the perimeter berm.
The results showed that the highest amount of precipitation was dispersed on the surface as runoff and actual evapotranspiration. There was no leachate within the layers underground (below the surface sealing), where the values of water percolation through the geotextile and clay liner layers were zero. The amount of collected water that drained from the lateral drainage layer (the leachate volume on the drainage layer above the geomembrane) was equal to zero. Thus, the suggested design for the selected landfill sites was seen to be fit for purpose.
In this study, using the two scenarios, the average annual precipitation value was 101.93 mm over the years from 2005 to 2016. The average annual value of precipitation was dispersed by runoff, with a value of 71.36 mm (70%), and by actual evapotranspiration, with a value of 30.32 mm (29.75%).
The increase in the final soil water at the end of 2016 for all of the layers in both scenarios was 0.302 cm. This resulted from adding the amount of water to the final cover.
The soil water at the start of the year 2005 came from adding the first value of rainfall in 2005 to the initial water content in all of the soil layers. In the HELP model, the soil water at the end of each year was estimated based on the value of water storage change.
The increase in final water storage from 54.4 cm in the first scenario to 116.8 cm in the second scenario resulted from adding another layer of waste, which raised the height from 2 m to 4 m.
The cumulative loads that resulted from using 4 m of height waste, the final soil cover (60 cm), and the daily covers of soil (15 cm) are acceptable. The bearing capacity for the soils of the selected sites was 50 KN/m 2 , according to the Iraqi Ministry of Housing & Construction (2016).
The second scenario of placing 4 m of compacted solid waste instead of 2 m in the first scenario will extend the life span of each selected site from 10 to 18 years (from 2030 to 2038). In addition, the required area for landfill will be reduced by 50% when compared with using a waste layer height equal to 2 m.
Future work will use the HELP model to collect data related to the lateral drainage of leachate and leakage or percolation leachate through the base liner of landfill designs without placing the final cover. These future studies will also use layers that are similar to those suggested in the experimental model to estimate the percolation leachate through the base liner.
